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Abstract 

Lupus nephritis is a serious potential feature of systemic lupus erythematous (SLE). Though SLE 
typically cycles through periods of flares and remission, patients often eventually succumb to end- 
stage kidney or cardiovascular damage. This review of the pathogenesis of lupus nephritis 
examines the role of the complement cascade; the significance of autoantibodies, the breaking of 
tolerance, and the implications of altered apoptosis in breaking tolerance; and the contributions of 
adaptive immunity and cross-talk with the innate immune system in driving renal damage. 
Delineation of basic mechanisms underlying the development of acute and chronic renal damage 
in lupus nephritis can result in the continued development of more specific and effective 
treatments. 
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Introduction 

Lupus nephritis is a serious potential feature of systemic lupus erythematous (SLE). 
Systemic lupus erythematous can affect numerous organs ranging from the kidneys, skin, 
pericardium, lungs, nervous system and beyond [1]. Though SLE typically cycles through 
periods of flares and remission, patients often eventually succumb to end-stage kidney or 
cardiovascular damage [1]. The incidence of SLE in women is nine times higher than in men 
[2]. Renal manifestations may be the first symptomatic finding often within one year of 
diagnosis but usually sometime within the first five years after diagnosis [2]. SLE is 
characterized by the presence of numerous autoantibodies that can form immune complexes 
whose deposition in the kidneys contributes greatly to the pathogenesis of lupus nephritis 
[2]. This review of the pathogenesis of lupus nephritis examines the role of the complement 
cascade; the significance of autoantibodies, the breaking of tolerance, and the potential 
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implications of altered apoptosis in breaking tolerance; and the contributions of adaptive 
immunity and cross-talk with the innate immune system in driving renal damage (Figure 1). 

Complement and Lupus Nephritis 

Complement is a component of the innate immune response that aids in opsonizing immune 
complexes for degradation by effector immune cells [3]. As lupus nephritis is characterized 
by renal deposition of these immune complexes, complement is believed to play a 
significant role in its pathogenesis [3-5]. There are three complement pathways: the 
classical pathway, the alternative pathway, and the lectin pathway [3,4]. With concern to 
lupus nephritis and SLE, the classical pathway is believed to be the most significant and has 
been most widely studied in the context of SLE [3,4]. In the classical pathway, the CI 
complex binds to the Fc region of the IgG antibodies of immune complexes [3,4]. The CI 
complex contains Clq, which consists of three polypeptides each with six collagen like 
stalks that link together the fibril central region with the six globular heads of Clq [6,7]. The 
Clq collagen like stalks are where Clr and Cls can dock in order to produce a CI complex 
capable of binding the IgG Fc region [3,4]. The bound CI complex is then capable of 
cleaving C4 and C2 in order to form a C3 convertase complex that can cleave C3 into C3a 
and C3b. C3b aids in opsonizing material for phagocytosis and the clearance of the immune 
complexes [3,4]. In the presence of C3b, C3 convertases can form C5 convertases, which 
cleave C5 to C5a and C5b. C5a is a powerful chemotactic agent that can aid in the 
recruitment of inflammatory cells such as neutrophils, eosinophils, monocytes, and T 
lymphocytes, and it can stimulate phagocytosis of cells and release of reactive oxygen 
species that can damage host tissue [8]. C5b is necessary for the formation of the C5b-9 
membrane attack complex, which can penetrate cell membranes and lyse cells [3]. 

Genetic deficiency of CI, and to some extent C2 and C4, can result in a strong propensity to 
develop severe SLE mostly likely due to the diminished capacity of the immune system to 
clear immune complexes [5,9]. Hereditary Clq deficiency is very rare and can either occur 
as a nonsense mutation where no protein is present or a missense mutation where Clq is 
nonfunctional [5]. The penetrance of these gene mutations is very high and seen across a 
wide array of genetic backgrounds, which indicates that early complement may play a key 
role in guarding against SLE, though it is quite interesting that deficiencies at the 
convergence point of the three complement pathways, C3, rarely manifests in SLE [5]. 

While heritable mutations of Clq leading to deficiency are rare, deficiency due to excessive 
complement activation because of interaction with immune complexes is common, and low 
Clq levels are associated with active disease [5]. In SLE, the size of circulating immune 
complexes has been tied to glomerulonephritis and interstitial nephritis [10]. Confounding 
this is the observation that patients often develop autoantibodies to Clq [5]. When Clq 
binds an immune complex, its change in conformation results in the exposure of new 
antigenic sites [11,12]. Autoantibodies are then free to bind the newly exposed collagen-like 
region of Clq [13,14]. In MRL/lpr/lpr mice, a model for SLE, an age-dependent downward 
trend of serum Clq levels were correlated with an increase of autoantibody against Clq, 
implying a link with glomerulonephritis through consumption of Clq through complex 
formation [15]. There is a positive correlation between the presence of antibody against Clq 
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and clinical findings including nephritis, dermatitis, hypocomplementemia, dsDNA 
antibodies, and circulating immune complexes. The concentration of autoantibodies to Clq 
in the glomeruh has been observed to be greater than or equal to fifty fold above those found 
in the serum, this deposition likely contributing to the pathogenesis of lupus nephritis [16]. 
Six months prior to the appearance of clinical renal signs, serum titres of IgG autoantibodies 
are typically increased [17,18]. This indicates their importance as a potential tool for 
predicting a renal episode of proliferative lupus nephritis [18]. In the peripheral blood, there 
is an increase in anti-Clq antibodies in active renal disease, which then returns to normal 
after treatment-induced remission [19-24]. The presence of both hematuria and anti-Clq 
antibodies potentially correlate to current inflammation in the glomeruli in lupus [25]. With 
respect to one category of antibodies, anti-Clq autoantibodies are beUeved to be most 
strongly associated with renal disease activity, and both anti-Clq and anti-dsDNA in 
combination are tied to increased renal disease activity and poor renal outcomes [26,27]. 

There is evidence that there can also be anti-Clq autoantibodies capable of binding the 
globular head of Clq [28]. The autoantibodies against the globular head region of the B 
chain of Clq inhibited Clq interaction with IgG and C reactive protein, which could result 
in a decrease in functional Clq [28]. 

While the classical pathway is the foundation of pathogenesis of lupus nephritis, the 
alternative pathway and lectin pathway appear to play a role in the progression of 
glomerular damage [29]. Patients presenting with the glomerular deposition of properdin, a 
positive regulator of the alternate pathway, and patients with Mannose binding lectin/L- 
ficolin showed increased urinary protein excretion [29] . 

However, immune complex formation and complement activation alone are not enough to 
generate lupus nephritis [30]. Disruption of the gamma chain of the Fc receptor in New 
Zealand Black/New Zealand White prevented severe glomerulonephritis while immune 
complex deposition still occurred [30]. In humans, the heritable susceptibility factor to SLE 
of Fc gamma receptor type IIA R131 may cause failure of clearance of an IgG2 anti-Clq 
antibody to the collagen like region of Clq complex leading to glomerulonephritis [31]. In 
Egyptian SLE patients, there is an association of an Fc gamma type IIB homozygous 
genotype (Thr/Thr) with increased risk of SLE and complications of nephritis, but the Fc 
receptor type IIA polymorphisms were not associated in Egyptian patients [32]. 
Recombinant human soluble Fc gamma receptors (CD32) bound IgG coated murine 
erythrocytes, decreasing phagocytosis by macrophages via disruption of the IgG and Fc 
gamma receptor interaction [33]. While CD32 treatment did not reverse nephritis, there was 
a delayed onset of proteinuria and increased survival time [33]. A synthetic peptide from the 
membrane-proximal extracellular domain of Fc gamma receptor II was found to be a 
competitive inhibitor of IgG binding recombinant Fc receptor II in vitro and increased 
survival while decreasing proteinuria in MRL/lpr mice in vivo [34]. Taken together, 
glomerular deposition of Clq in the context of immune complexes, complement activation, 
and functional Fc gamma receptors appear to be necessaiy to cause renal damage [35]. 
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Autoantibodies and Apoptosis in Lupus Nephritis 

Lupus nephritis is characterized by renal deposition of immune complexes. IgG antinuclear 
autoantibodies against components such as DNA and nucleoprotein are commonly found in 
the glomeruli and serum of individuals with lupus nephritis [36]. Circulating immune 
complex antibodies have been shown to more readily bind DNA but not glomerular 
basement membrane antigens whereas IgG from the glomeruli of SLE patients readily 
bound DNA, glomerular basement membrane antigen, proteoglycan, and heparan sulfate 
[37]. However, after treatment with heparitinase glomerular deposition of IgG was 
decreased, indicating potential direct glomerular basement membrane binding and immune 
complex formation through heparan sulfate by some anti-DNA autoantibodies [37]. In vitro, 
nucleosome and Clq deposition to glomerular endothelial cells is at least partially mediated 
by surface heparan sulfate and allows for subsequent binding of autoantibodies against 
nucleosomes that may be pathogenic and the autoantibodies against the Clq may further 
drive pathogenesis [38]. Conversely, after passage through Sepharose with glomerular 
basement membrane antigen, renal eluates lost the ability to bind glomerular basement 
membrane but still possessed the ability to bind DNA indicating a role for circulating 
immune complex glomerular deposition, suggesting that both mechanisms of deposition 
may play a role in lupus nephritis pathogenesis [37]. 

The ability to form immune complex depositions and where said immune complexes are 
formed varies based on the individual autoantibody involved [39]. In mouse models using 
various anti-DNA antibodies, mesangial and subendothelial immune complex depositions 
were correlated with proliferative glomerulonephritis, neutrophil infiltration, and 
proteinuria; diffuse fine granular mesangial and extraglomerular vascular immune complex 
depositions were correlated with proliferative glomerulonephritis and proteinuria; dense 
intramembranous and intraluminal immune complex depositions were correlated with 
thickening of the capillary walls, mesangial interposition, mesangial expansion, aneurysmal 
dilatation, blockage of the capillary loops of the glomeruli within the lumen, and extensive 
proteinuria; and mesangial and extraglomerular vascular immune complex deposition 
correlated with slight segmental mesangial expansion and no associated proteinuria [39]. 

It is suggested that initial breakdown of immune tolerance with chromatin may begin with 
autoantibodies targeting (H2A-H2B)-DNA complexes and that (H3-H4)2-DNA and double 
stranded DNA alone become targets only after further loss of tolerance [40]. In apoptosis of 
cells, small blebs at the surface of said cells have been found to contain pieces of the 
endoplasmic reticulum, ribosomes, and the ribonucleoprotein Ro and larger apoptotic bodies 
containing nucleosomal DNA, the ribonucleoprotein Ro, the ribonucleoprotein La, and small 
nuclear ribonucleoproteins [41]. These blebs are near the ER and nuclear membrane, which 
produce more reactive oxygen species and make oxidation of the blebs' contents plausible, 
potentially encouraging a variety of different molecules to act as autoantigens due to the 
similar processing via oxidation [41]. In the context of viral infection, apoptotic cells can 
produce blebs with high concentrations of viral antigen and autoantigen, which may also 
challenge self-tolerance [42]. 
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On average, a study by Arcbuckle et al. showed that autoantibodies are present 3.3 years 
before the presence of symptomatic SLE, and a general pattern of development was 
observed with antinuclear, antiphospholipid, anti-Ro, and anti-La presenting before anti-Sm 
and anti-ribonucleoprotein antibodies [43]. Anti-nuclear antibodies developed before anti- 
double-stranded DNA antibodies, which develops before anti-ribonucleoprotein antibodies 
[43]. Lupus nephritis has been associated with intraglomerular cell apoptosis in which 
nucleosomes are released in apoptosis and then associate with glomerulus basement 
membranes, which potentially allows these apoptotic nucleosomes to be both the inducer 
and target for the autoantibodies causing lupus nephritis in SLE [44]. Immune electron 
microscopy further demonstrated that anti-double-stranded DNA autoantibodies target 
apoptotic intra-glomerular membrane-associated nucleosomes [45]. 

Transforming growth factor-|31, which is expressed by podocytes and mesangial cells in 
lupus nephritis, can aid in the replacement of expression of laminin-11 normally found in the 
mature glomerular basement membrane with laminin-1, which is normally only expressed in 
development [46,47]. Nucleosomes readily bind to laminin-1 through the pi chain but do 
not bind laminin-11, which lacks the pi chain, and the trapped nucleosomes can then be 
bound by autoantibodies that rev up t-cell-dependent autoimmune responses, adding insight 
into the early pathogenesis of lupus nephritis [46,47]. Cross reactivity of monoclonal 
antibodies that can bind both double-stranded DNA and glomerular antigen a-actinin has 
high affinity; however, in kidney sections with lupus nephritis autoantibodies did not readily 
bind those components but preferentially bound to nucleosome-containing structures in the 
mesangial matrix or glomerular basement membrane, and nucleosomes most readily bound 
to laminin [48]. 

In SLE, noninflammatory phagocytosis of apoptotic cells is decreased, allowing apoptotic 
contents to circulate and potentially initiate inflammatory removal pathways, stimulate self- 
reactive lymphocytes, and encourage immune complexes to form [49]. In some SLE 
patients, apoptotic cells have been observed to build up in germinal centers where the 
number of tangible body macrophages, which are capable of processing the nuclear contents 
of apoptotic cells, were decreased, and this could allow self-antigens from the apoptotic 
nuclei to interact with folUcular dendritic cells, inducing survival signals for autoreactive B 
cells and potentially overcoming check points in B cell development and allowing for the 
breakage of tolerance [50]. In an agreeing study, apoptotic cells in germinal centers and 
apoptotic cells after UV exposure of skin in some SLE patients accumulated and auto- 
reactive B cells gained said reactivity in germinal centers through accumulation of apoptotic 
material on the follicular dendritic cell surface from impaired clearance and release of 
danger signals in the presence of modified self-antigens encouraged autoimmunity [51]. 

High mobiUty group box protein 1 (HMGBl) is a protein involved in chromosomal structure 
and can act as a proinflammatory mediator that stays in nucleosomes throughout apoptosis 
in vitro, and complexes of HMGB 1 and nucleosomes have been detected in SLE patients 
[52]. Nucleosomes with HMGBl from apoptotic cells were able to trigger the release of 
interleukin ip, interleukin 6, interleukin 10, tumor necrosis factor alpha, induce expression 
of costimulatory proteins in macrophages and dendritic cells, and induce an autoantibody 
response to doublestranded DNA and histones in a Toll-like receptor 2 fashion [52]. In 
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active SLE, especially those with renal involvement, HMGBl levels were higher than 
healthy controls and were associated with a high SLE disease activity index, proteinuria, 
anti-double-stranded DNA autoantibodies, decreased levels of the complement protein C3, 
and the presence of high levels of anti- HMGBl autoantibodies [53]. HMGBl serum levels 
do not decrease after immunosuppressive therapy and may be indicative of continued 
inflammation [54]. 

Alpha-actinin is an acidic actin binding protein that helps maintain glomerular filtration and 
its expression is induced in lupus nephritis. Anti-alpha-actinin antibodies bound where anti- 
DNA antibodies had deposited in mouse models, indicating a potential role of protein- 
nucleic acid antigenic mimicry in renal damage [55]. Increased levels of anti-alpha-actinin 
antibodies were observed in sera in active nephritis, and there were some anti-DNA 
antibodies capable of cross reacting with alpha-actinin in mouse models [56]. Mice deficient 
in alpha-actinin-4 developed proteinuria, glomerular disease, and died after months, and it 
appears that alpha-actnin-4 plays a role in normal glomerular function and regulation of 
cellular motility as measured by increased lymphocyte chemotaxis in the absence of 
functional alpha-actinin- 4 [57]. In human SLE patients, the presence of anti-alpha-actinin 
antibodies are usually seen at high levels before or in the beginning of lupus nephritis, and 
the presence of anti-alpha-actinin antibodies are correlated with anti-dsDNA reactivity [58]. 
Anti-double-stranded DNA antibodies usually bindalpha-actinin, can bind mesangial cells 
and glomeruli ex vivo, and glomerular binding is not inhibited by DNase treatment but can 
be interrupted by alpha-actinin, indicating a role in cross-reactivity and potential induction 
of lesions in lupus nephritis [59]. In mouse models, two isoforms of alpha-actinin, alpha- 
actinin land alpha-actinin 4 can be targeted by anti-alpha-actinin antibodies, and enhanced 
alpha-actininexpression was observed in mesangial cells of lupus prone strains of mice, 
potentially allowing for increased antibody deposition [60]. In humans, anti-alpha-actinin 
antibodies correlate with glomerulonephritis, but whether they have predictive value for the 
development of SLE complications is not confirmed [61]. Nonautoimmune mice injected 
with alpha-actinin developed high levels of anti-nuclear autoantibodies, anti-chromatin 
autoantibodies, hypergammaglobulinemia, renal immunoglobulin deposition, and 
proteinuria, and the nephritogenic antibodies had higher affinities for alpha-actinin, 
chromatin, HMGB, and heat shock protein 70 potentially indicating commonalties between 
the antigens recognized by the antibodies [62]. 

Roles of the Adaptive Immune System in Lupus Nephritis 

Toll-like receptors are pattern-recognition receptors of the innate immune system that can 
subsequently aid in the activation of the adaptive immune system [63,64]. Toll-like 
receptors 3, 7, 8, and 9 are found within the endoplasmic reticulum, endosomes, or 
lysosomes and can recognize nucleic acids [65]. B cell receptors are capable of recognizing 
the Fc -regions of autoantibodies found in immune complexes, the immune complexes are 
endocytosed, and toll like receptors such as 7 and 9 can recognize the contents of the 
endosome, which may aid in the breakage of peripheral B cell tolerance [65]. Ligands of toll 
Uke receptor 7 Uke ribonucleoproteins can also stimulate plasmocytoid dendritic cells [65]. 
Toll like receptors can stimulate dendritic cell maturation and properties of said dendritic 
cells can tip the balance between T cell tolerance or activation [66]. Toll like receptors can 
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be found in T cells and T regulatory cells, and stimulation of T cells by toll like receptors 
can enhance T cell immunity [66] . 

Toll-like receptor 9 recognizes DNA and is necessary for the spontaneous production of 
DNA autoantibodies by B-cells in mouse models but cannot solely induce lupus nephritis 
[63]. In the absence of toll-like receptor 7 in mouse models, which recognizes single- 
stranded RNA, antibodies against antigens with RNA, such as the Smith (Sm) antigen, could 
not be generated [63]. In mouse models lacking toll-like receptor 9 lymphocytes and 
plasmacytoid dendritic cells were hyper-activated and certain antibody (RNA-reactive) and 
interferon alpha levels (through plasmacytoid dendritic cell activation) were markedly 
increased in the serum, whereas absence of toll-like receptor 7 led to reduced activation of 
lymphocytes and decreased antibody levels in the serum, indicating opposing actions in 
inflammation [63,65]. 

In lupus nephritis, interferon gamma and interleukin 17 are elevated, potentially indicating 
that Thl and Thl7 cells may play a role in the severity of lupus nephritis [67]. FOXP3 levels 
are elevated as well, though this is believed to be compensatory [67]. Also, T regulatory 
cells may be converted to Thl 7 cells under the inflammatory conditions of lupus nephritis 
[67]. Interleukin 33 belongs to the interleukin 1 family and with its receptor ST2, it is able to 
induce a Th2 response [68]. By inhibiting interleukin 33 with an antibody in MRL/lpr mice, 
proteinuria was decreased; anti-double-stranded DNA antibody levels were decreased in the 
serum; nephritis was reduced; Thl 7 cell numbers and interleukin interleukin 6, and 
interleukin 17 levels were decreased; circulating levels and deposition of immune complexes 
were decreased; T regulatory cells were increased; and myeloid-derived suppressor cells 
were increased, indicating that interleukin 33 inhibition may slow the progression of SLE by 
increasing the T regulatory cell and myeloid-deprived suppressor cell populations and 
inhibiting Thl 7 cells and pro-inflammatory responses [68]. In children with active lupus 
nephritis, intravenous methyl-prednisolone pulse therapy was shown to restore CD4"'"FoxP3"'" 
and CD8''"Foxp3"'" T regulatory cell levels, and treated CD8"'"FoxP3"'" T regulatory cells 
suppressed €04"*" T cell proliferation and induced their apoptosis, modulating autoimmune 
response in lupus nephritis [69]. The Ccrl chemokine receptor is associated with leukocyte 
infiltration with NZBAV mice with nephritis being more responsive to Ccrl ligand and 
subsequent T cell, mononuclear phagocytes, and neutrophil influx than pre-nephritic mice 
[70]. Treatment with a Ccrl antagonist decreased accumulation of effector CD4"'" T cells, 
memory CD4"'" T cells, Ly6C"'' monocytes. Ml macrophages, and M2 macrophages; 
decreased tubulointerstial and glomerular damage; slowed the onset of proteinuria; extended 
life-span; but had no therapeutic effect in slowing the infiltration of B cells, insinuating that 
Ccrl is important for the recruitment of T cells and mononuclear phagocyte cells [70]. 
CD147 is a glycosylated transmembrane protein that plays a role in regulating lymphocyte 
response and leukocyte influx, it is induced in injured glomeruli and incoming inflammatory 
cells, and plasma levels reflect histological disease activity, making it a good potential 
biomarker in lupus nephritis patients [71] (Figure 2). The presence of greater than or equal 
to 800/100 mL of CD4"'" T cells in urine is a sensitive and specific biomarker for active 
proliferative nephritis in SLE patients [72], 
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Conclusions 

This review examined the roles of complement, autoantibodies and apoptosis, and the 
adaptive immune system in contributing to the pathogenesis of lupus nephritis. Complement 
aids in opsonizing immune complexes for degradation by effector immune cells, and 
deficiency in early components of the complement cascade are associated with active 
disease [3,5]. Inefficient apoptotic clearing can allow molecules normally contained within 
cells to become accessible to autoantibodies and the breaking of tolerance can occur. The 
innate immune system may induce the adaptive immune system through toll like receptors 
by activating auto-reactive B cells and instigating a T cell response. Products of the adaptive 
immune response may serve as markers for disease activity and blocking activation of 
specific components of the adaptive immune may have therapeutic effects in controlling 
inflammation. Lupus nephritis is a serious manifestation of SLE with a complex 
pathogenesis, but hopefully improved understanding of its pathogenesis can result in the 
continued development of more specific and effective treatments. 

Acknowledgments 

This study was supported by NIH/NIAID ROl AI10091 1-01. R.M.S. is supported by the Robert L. Howell 
Physician-Scientist Scholarship. S.P.H. is supported by NIH/NIGMS T32 GM 6584. This paper's contents are 
solely the responsibility of the authors and do not necessarily represent the official views of the NIH. 

References 

1. Grande JP. Experimental models of lupus nephritis. Contrib Nephrol. 2011; 169: 183-197. [PubMed: 
21252519] 

2. Borchers AT, Leibushor N, Naguwa SM, Cheema GS, Shoenfeld Y, et al. Lupus nephritis: a critical 
review. Autoimmun Rev. 2012; 12:174-194. [PubMed: 22982174] 

3. Cook HT, Botto M. Mechanisms of Disease: the complement system and the pathogenesis of 
systemic lupus erythematosus. Nat Clin Pract Rheumatol. 2006; 2:330-337. [PubMed: 16932712] 

4. Koscielska-Kasprzak K, Bartoszek D, Myszka M, Zabinska M, Klinger M. The complement 
cascade and renal disease. Arch Immunol Ther Exp (Warsz). 2014; 62:47-57. [PubMed: 24030732] 

5. Botto M, Walport MI. Clq, autoimmunity and apoptosis. Immunobiology. 2002; 205:395-406. 
[PubMed: 12396002] 

6. Reid KB. Chemistry and molecular genetics of Clq. Behring Inst Mitt. 1989:8-19. [PubMed: 
2679537] 

7. Rnobel HR, Villiger W, Isliker H. Chemical analysis and electron microscopy studies of human Clq 
prepared by different methods. Eur I Immunol. 1975;5:78-82. [PubMed: 1234048] 

8. Guo RF, Ward PA. Role of C5a in inflammatory responses. Annu Rev Immunol. 2005; 23:821-852. 
[PubMed: 15771587] 

9. Schultz DR, Perez GO, Volanakis JE, Pardo V, Moss SH. Glomerular disease in two patients with 
urticaria-cutaneous vasculitis and hypocomplementemia. Am I Kidney Dis. 1981; 1:157-165. 
[PubMed: 7332008] 

10. Wener MH, Mannik M, Schwartz MM, Lewis EJ. Relationship between renal pathology and the 
size of circulating immune complexes in patients with systemic lupus erythematosus. Medicine 
(Baltimore). 1987; 66:85-97. [PubMed: 3102894] 

11. Golan MD, Burger R, Loos M. Conformational changes in Clq after binding to immune 
complexes: detection of neoantigens with monoclonal antibodies. J Immunol. 1982; 129:445-447. 
[PubMed: 6177765] 



J Clin Cell Immunol. Author manuscript; available in PMC 2014 August 13. 



SteiTier et al. 



Page 9 



12. Schultz DR, Loos M, Bub F, Arnold PI. Differentiation of hemolytically active fluid-phase and 
cell-bound human Clq by an ant venom-derived polysaccharide. J Immunol. 1980; 124:1251- 
1257. [PubMed: 7358983] 

13. Uwatoko S, Mannik M. Low-molecular weight Clq-binding immunoglobulin G in patients with 
systemic lupus erythematosus consists of autoantibodies to the collagen-like region of Clq. J Clin 
Invest. 1988; 82:816-824. [PubMed: 3262124] 

14. Antes U, Heinz HP, Loos M. Evidence for the presence of autoantibodies to the collagen-like 
portion of Clq in systemic lupus erythematosus. Arthritis Rheum. 1988; 31:457-4-64. [PubMed: 
3258749] 

15. Trinder PK, Maeurer MJ, Schorlemmer HU, Loos M. Autoreactivity to mouse Clq in a murine 
model of SLE. Rheumatol Int. 1995; 15:117-120. [PubMed: 8588121] 

16. Mannik M, Wener MH. Deposition of antibodies to the collagen-like region of Clq in renal 
glomeruli of patients with proliferative lupus glomerulonephritis. Arthritis Rheum. 1997; 40:1504- 
1511. [PubMed: 9259432] 

17. Siegert CE, Daha MR, Tseng CM, Coremans IE, van Es LA, et al. Predictive value of IgG 
autoantibodies against Clq for nephritis in systemic lupus erythematosus. Ann Rheum Dis. 1993; 
52:851-856. [PubMed: 8311534] 

18. Coremans IE, Spronk PE, Bootsma H, Daha MR, van der Voort EA, et al. Changes in antibodies to 
Clq predict renal relapses in systemic lupus erythematosus. Am J Kidney Dis. 1995; 26:595-601. 
[PubMed: 7573013] 

19. Moroni G, Trendelenburg M, Del Papa N, Quaglini S, Raschi E, et al. Anti-Clq antibodies may 
help in diagnosing a renal flare in lupus nephritis. Am J Kidney Dis. 2001; 37:490-498. [PubMed: 
11228172] 

20. Trendelenburg M, Lopez-Trascasa M, Potlukova E, Moll S, Regenass S, et al. High prevalence of 
anti-Clq antibodies in biopsy-proven active lupus nephritis. Nephrol Dial Transplant. 2006; 
21:3115-3121. [PubMed: 16877491] 

21. Marto N, Bertolaccini ML, Calabuig E, Hughes GR, Khamashta MA. Anti-Clq antibodies in 
nephritis: correlation between titres and renal disease activity and positive predictive value in 
systemic lupus erythematosus. Ann Rheum Dis. 2005; 64:444-448. [PubMed: 15286009] 

22. Cai X, Yang X, Lian F, Lin X, Liang M, et al. Correlation between serum anti-Clq antibody levels 
and renal pathological characteristics and prognostic significance of anti-Clq antibody in lupus 
nephritis. J Rheumatol. 2010; 37:759-765. [PubMed: 20194446] 

23. Moroni G, Radice A, Giammarresi G, Quaglini S, Gallelli B, et al. Are laboratory tests useful for 
monitoring the activity of lupus nephritis? A 6-year prospective study in a cohort of 228 patients 
with lupus nephritis. Ann Rheum Dis. 2009; 68:234-237. [PubMed: 18718989] 

24. Meyer OC, Nicaise-Roland P, Cadoudal N, Grootenboer-Mignot S, Palazzo E, et al. Anti-Clq 
antibodies antedate patent active glomerulonephritis in patients with systemic lupus 
erythematosus. Arthritis Res Ther. 2009; 11:R87. [PubMed: 19515233] 

25. Smykal-Jankowiak K, Niemir ZI, Polcyn-Adamczak M. Do circulating antibodies against Clq 
reflecttheactivity of lupus nephritis? Pol Arch Med Wewn. 2011; 121:287-295. [PubMed: 
21860370] 

26. Yang XW, Tan Y, Yu F, Zhao MH. Combination of anti-Clq and anti-dsDNA antibodies is 
associated with higher renal disease activity and predicts renal prognosis of patients with lupus 
nephritis. Nephrol Dial Transplant. 2012; 27:3552-3559. [PubMed: 22700716] 

27. Mok CC, Ho LY, Leung HW, Wong LG. Performance of anti-Clq, antinucleosome, and anti- 
dsDNA antibodies for detecting concurrent disease activity of systemic lupus erythematosus. 
TranslRes. 2010; 156:320-325. [PubMed: 21078493] 

28. Radanova M, Vasilev V, Deliyska B, Kishore U, Ikonomov V, et al. Anti-Clq autoantibodies 
specific against the globular domain of the ClqB-chain from patient with lupus nephritis inhibit 
Clq binding to IgG and CRP. Immunobiology. 2012; 217:684-691. [PubMed: 222091 13] 

29. Sato N, Ohsawa I, Nagamachi S, Ishii M, Kusaba G, et al. Significance of glomerular activation of 
the alternative pathway and lectin pathway in lupus nephritis. Lupus. 201 1; 20:1378-1386. 
[PubMed: 21893562] 



J Clin Cell Immunol. Author manuscript; available in PMC 2014 August 13. 



SteiTier et al. 



Page 10 



30. Clynes R, Dumitru C, Ravetch JV. Uncoupling of immune complex formation and kidney damage 
in autoimmune glomerulonephritis. Science. 1998; 279:1052-1054. [PubMed: 9461440] 

31. Norsworthy P, Theodoridis E, Botto M, Athanassiou P, Beynon H, et al. Overrepresentation of the 
Fcgamma receptor type IIA R131/R131 genotype in caucasoid systemic lupus erythematosus 
patients with autoantibodies to Clq and glomerulonephritis. Arthritis Rheum. 1999; 42:1828- 
1832. [PubMed: 10513796] 

32. Zidan HE, Sabbah NA, Hagrass HA, Tantawy EA, El-Shahawy EE, et al. Association of FcyRIIB 
and FcyRIIA R131H gene polymorphisms with renal involvement in Egyptian systemic lupus 
erythematosus patients. Mol Biol Rep. 2014; 41:733-739. [PubMed: 24366619] 

33. Werwitzke S, Trick D, Sondermann P, Kamino K, Schlegelberger B, et al. Treatment of lupus- 
prone NZB/NZW Fl mice with recombinant soluble Fc gamma receptor II (CD32). Ann Rheum 
Dis. 2008; 67:154-161. [PubMed: 17557887] 

34. Xi J, Zhang GP, Qiao SL, Guo JQ, Wang XN, et al. Increased survival and reduced renal injury in 
MRL/lpr mice treated with a human Fey receptor II (CD32) peptide. Immunology. 2012; 136:46- 
53. [PubMed: 22236212] 

35. Trouw LA, Groeneveld TW, Seelen MA, Duijs JM, Bajema IM, et al. Anti-Clq autoantibodies 
deposit in glomeruli but are only pathogenic in combination with glomerular Clq-containing 
immune complexes. J Chn Invest. 2004; 114:679-688. [PubMed: 15343386] 

36. Krishnan C, Kaplan MH. Immunopathologic studies of systemic lupus erythematosus. II. 
Antinuclear reaction of gamma-globulin eluted from homogenates and isolated glomeruli of 
kidneys from patients with lupus nephritis. J Clin Invest. 1967; 46:569-579. [PubMed: 4164260] 

37. Sasaki T, Hatakeyama A, Shibata S, Osaki H, Suzuki M, et al. Heterogeneity of immune complex- 
derived anti-DNA antibodies associated with lupus nephritis. Kidney Int. 1991; 39:746-753. 
[PubMed: 2051733] 

38. OTlynn J, Flierman R, van der Pol P, Rops A, Satchell SC, et al. Nucleosomes and Clq bound to 
glomerular endothelial cells serve as targets for autoantibodies and determine complement 
activation. Mol Immunol. 2011; 49:75-83. [PubMed: 21855148] 

39. Vlahakos DV, Foster MH, Adams S, Katz M, Ucci AA, et al. Anti- DNA antibodies form immune 
deposits at distinct glomerular and vascular sites. Kidney Int. 1992; 41:1690-1700. [PubMed: 
1501424] 

40. Bmiingame RW, Boey ML, Starkebaum G, Rubin RL. The central role of chromatin in 
autoimmune responses to histones and DNA in systemic lupus erythematosus. J Clin Invest. 1994; 
94:184-192. [PubMed: 8040259] 

41. Casciola-Rosen LA, Anhalt G, Rosen A. Autoantigens targeted in systemic lupus erythematosus 
are clustered in two populations of surface structures on apoptotic keratinocytes. J Exp Med. 1994; 
179:1317-1330. [PubMed: 7511686] 

42. Rosen A, Casciola-Rosen L, Ahearn J. Novel packages of viral and self-antigens are generated 
during apoptosis. J Exp Med. 1995; 181:1557-1561. [PubMed: 7699336] 

43. Arbuckle MR, McClain MT, Rubertone MV, Scofield RH, Dennis GJ, et al. Development of 
autoantibodies before the clinical onset of systemic lupus erythematosus. N Engl J Med. 2003; 
349:1526-1533. [PubMed: 14561795] 

44. Kalaaji M, Mortensen E, J0rgensen L, Olsen R, Rekvig OP. Nephritogenic lupus antibodies 
recognize glomerular basement membrane-associated chromatin fragments released from 
apoptotic intraglomerular cells. Am J Pathol. 2006; 168:1779-1792. [PubMed: 16723695] 

45. Kalaaji M, Fenton KA, Mortensen ES, Olsen R, Sturfelt G, et al. Glomerular apoptotic 
nucleosomes are central target structures for nephritogenic antibodies in human SLE nephritis. 
Kidney Int. 2007; 71:664-672. [PubMed: 17332738] 

46. Jones B. Lupus nephritis: Nucleosomes trapped by abemntly expressed laminin-betal. Nat Rev 
Nephrol. 2014; 10:4. [PubMed: 24247286] 

47. Olin Al, Morgelin M, Truedsson L, Sturfelt G, Bengtsson AA. Pathogenic mechanisms in lupus 
nephritis: Nucleosomes bind aberrant laminin pi with high affinity and colocalize in the electron- 
dense deposits. Arthritis Rheumatol. 2014; 66:397-406. [PubMed: 24504812] 



J Clin Cell Immunol. Author manuscript; available in PMC 2014 August 13. 



SteiTier et al. 



Page 1 1 



48. Bennett L, Palucka AK, Arce E, Cantrell V, Borvak J, et al. Interferon and granulopoiesis 
signatures in systemic lupus erythematosus blood. J Exp Med. 2003; 197:71 1-723. [PubMed: 
12642603] 

49. Herrmann M, Voll RE, Zoller OM, Hagenhofer M, Ponner BB, et al. Impaired phagocytosis of 
apoptotic cell material by monocyte-derived macrophages from patients with systemic lupus 
erythematosus. Arthritis Rheum. 1998; 41:1241-1250. [PubMed: 9663482] 

50. Baumann I, Kolowos W, Voll RE, Manger B, Gaipl U, et al. Impaired uptake of apoptotic cells 
into tingible body macrophages in germinal centers of patients with systemic lupus erythematosus. 
Arthritis Rheum. 2002; 46:191-201. [PubMed: 11817590] 

51. Gaipl US, Munoz LE, Grossmayer G, Lauber K, Franz S, et al. Clearance deficiency and systemic 
lupus erythematosus (SLE). J Autoimmun. 2007; 28:114-121. [PubMed: 17368845] 

52. Urbonaviciute V, Furnrohr BG, Meister S, Munoz L, Heyder P, et al. Induction of inflammatory 
and immune responses by HMGBl- nucleosome complexes: implications for the pathogenesis of 
SLE. J Exp Med. 2008; 205:3007-3018. [PubMed: 19064698] 

53. Abdulahad DA, Westra J, Bijzet J, Limburg PC, Kallenberg CG, et al. High mobility group box 1 
(HMGBl) and anti-HMGBl antibodies and their relation to disease characteristics in systemic 
lupus erythematosus. Arthritis Res Ther. 2011; 13:R71. [PubMed: 21548924] 

54. Zickert A, Palmblad K, Sundelin B, Chavan S, Tracey KJ, et al. Renal expression and serum levels 
of high mobility group box 1 protein in lupus nephritis. Arthritis Res Ther. 2012; 14:R36. 
[PubMed: 22348591] 

55. Mostoslavsky G, Fischel R, Yachimovich N, Yarkoni Y, Rosenmann E, et al. Lupus anti-DNA 
autoantibodies cross-react with a glomerular structural protein: a case for tissue injury by 
molecular mimicry. Eur J Immunol. 2001; 31:1221-1227. [PubMed: 11298348] 

56. Deocharan B, Qing X, Lichauco J, Putterman C. Alpha-actinin is a cross-reactive renal target for 
pathogenic anti-DNA antibodies. J Immunol. 2002; 168:3072-3078. [PubMed: 11884481] 

57. Kos CH, Le TC, Sinha S, Henderson JM, Kim SH, et al. Mice deficient in alpha-actinin-4 have 
severe glomerular disease. J Clin Invest. 2003; 111:1683-1690. [PubMed: 12782671] 

58. Croquefer S, Renaudineau Y, Jousse S, Gueguen P, Ansart S, et al. The ananti-alpha-actinin test 
completes ananti-DNA determination in systemic lupus erythematosus. Ann N Y Acad Sci. 2005; 
1050:170-175. [PubMed: 160I453I] 

59. Zhao Z, Weinstein E, Tuzova M, Davidson A, Mundel P, et al. Cross-reactivity of human lupus 
anti-DNA antibodies with alpha-actinin and nephritogenic potential. Arthritis Rheum. 2005; 
52:522-530. [PubMed: 15693007] 

60. Zhao Z, Deocharan B, Scherer PE, Ozelius LJ, Putterman C. Differential binding of cross-reactive 
anti-DNA antibodies to mesangial cells: the role of alpha-actinin. J Immunol. 2006; 176:7704— 
7714. [PubMed: I675I418] 

61. Renaudineau Y, Croquefer S, Jousse S, Renaudineau E, Devauchelle V, et al. Association of alpha- 
actinin-binding anti-double-stranded DNA antibodies with lupus nephritis. Arthritis Rheum. 2006; 
54:2523-2532. [PubMed: 16868973] 

62. Deocharan B, Zhou Z, Antar K, Siconolfi-Baez L, Angeletti RH, et al. Alpha-actinin immunization 
elicits anti-chromatin autoimmunity in nonautoimmune mice. J Immunol. 2007; 179:1313-1321. 
[PubMed: 17617624] 

63. Christensen SR, Shupe J, Nickerson K, Kashgarian M, Flavell RA, et al. Toll-like receptor 7 and 
TLR9 dictate autoantibody specificity and have opposing inflammatory and regulatory roles in a 
murine model of lupus. Immunity. 2006; 25:417-428. [PubMed: 16973389] 

64. Marshak-Rothstein A. Toll-like receptors in systemic autoimmune disease. Nat Rev Immunol. 
2006; 6:823-835. [PubMed: 17063184] 

65. von Landenberg P, Bauer S. Nucleic acid recognizing Toll-like receptors and autoimmunity. Curr 
Opin Immunol. 2007; 19:606-610. [PubMed: 18060756] 

66. Marshak-Rothstein A, Ohashi PS. Intricate connections between innate and adaptive 
autoimmunity. Curr Opin Immunol. 2007; 19:603-605. [PubMed: 18083508] 

67. Yazici MU, Orhan D, Kale G, Besbas N, Ozen S. Studying IFN-gamma, IL-17 and FOXP3 in 
pediatric lupus nephritis. Pediatr Nephrol. 2014; 29:853-862. [PubMed: 24482023] 



J Clin Cell Immunol. Author manuscript; available in PMC 2014 August 13. 



SteiTier et al. 



Page 12 



68. Li P, Lin W, Zheng X. IL-33 Neutralization Suppresses Lupus Disease in Lupus-Prone Mice. 
Inflammation. 2014 

69. Tsai YG, Lee CY, Lin TY, Lin CY. CD8(+) Treg cells associated with decreasing disease activity 
after intravenous methylprednisolone pulse therapy in lupus nephritis with heavy proteinuria. PloS 
ONE. 2014; 9:e81344. [PubMed: 24475019] 

70. Bignon A, Gaudin F, Hemon P, Tharinger H, Mayol K, et al. CCRl inhibition ameliorates the 
progression of lupus nephritis in NZBAV mice. J Immunol. 2014; 192:886-896. [PubMed: 
24367031] 

71. Maeda-Hori M, Kosugi T, Kojima H, Sato W, Inaba S, et al. Plasma CD147 reflects histological 
features in patients with lupus nephritis. Lupus. 2014; 23:342-352. [PubMed: 24474704] 

72. Enghard P, Rieder C, Kopetschke K, Klocke JR, Undeutsch R, et al. Urinary CD4 T cells identify 
SLE patients with proliferative lupus nephritis and can be used to monitor treatment response. Ann 
Rheum Dis. 2014; 73:277-283. [PubMed: 23475982] 



J Clin Cell Immunol. Author manuscript; available in PMC 2014 August 13. 



SteiTier et al. 



Page 13 



/ 



o 



Y 



complex 



U^TLR deposition Lupus Nephritis 



4/ Complement clearance 
Apoptosis 



Figure 1. 

Proposed mechanism of immune complex deposition of lupus nephritis. 
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Figure 2. 

Characteristic histopathologic manifestations of diffuse proliferative lupus nephritis (Class 
IV-G/A by the International Society of Nephrology/Renal Pathology Society Classification). 
Glomeruli (left column) are diffusely hyper-cellular. Peripheral capillary loop lumens are 
compromised due to endocapillary proliferation (arrow). Large immune complex deposits 
are observed between layers of basement membrane material (silver stain, middle, arrow) 
giving rise to the characteristic "tram track" or double contour appearance of the capillary 
loops. Immunofluorescence studies demonstrate the characteristic "full house" pattern of 
positive staining for all immune reactants (IgG, IgA, IgM, Clq, C3, kappa and lambda light 
chain) in glomeruli. 
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